In defoliated grasses, where photosynthesis is reduced due to removal of leaf material, it is well established that remobilization of nitrogen occurs from both older remaining leaves and roots towards the younger growing leaves. In contrast, little is known about the movement of nitrogen within intact grass plants experiencing prolonged inhibition of photosynthesis. We tested the following hypotheses in Festuca rubra L. ssp. rubra cv. Boreal: that both reduction of the atmospheric CO 2 concentration and defoliation (1) induce mobilization of nitrogen from roots and older leaves towards growing leaves and (2) elicit similar directional change in the abundance of proteins in roots and older leaves relevant to the process of nitrogen mobilization including, glutamine synthetase (GS), EC 6.3.1.2; papain, EC 3.4.22.2; chymopapain, EC 3.4.22.6; ribulose bisphosphate carboxylase/oxygenase (Rubisco), EC 4.1.1.39; and the light harvesting complex of photosystem II (LHCPII). After growth at ambient atmospheric CO 2 concentration, plants of F. rubra were subject to atmospheres containing either ambient (350 ml l ª1 ) or deplete (∞ 20 ml l ª1 ) CO 2 . Concurrently, plants were either left intact or defoliated on one occasion. Steady state 15 N labelling coupled with a series of destructive harvests over a 7-day period enabled
Introduction
Carbon starvation in plants causes many gene mediated changes in metabolism (Koch 1996) . Many of the changes observed in the roots of defoliated C3 grasses appear analogous to those observed in the roots of intact plants but in which photosynthesis has been inhibited for a prolonged period. Following defoliation of C3 grasses, reductions of both the total nitrogen and protein contents occur in roots, concomitant with increased endopeptidase activity (Ourry et al. 1989, Thornton and Millard 1996) . Changes in the composition of free amino Abbreviations -GOGAT, glutamate synthase; GS1, cytosolic glutamine synthetase; GS2, chloroplastic glutamine synthetase; LHCPII, light harvesting complex of photosystem II; Rubisco, ribulose bisphosphate carboxylase/oxygenase. changes in the nitrogen dynamics of the plants to be established. Proteins pertinent to the process of nitrogen mobilization were quantified by immunoblotting. Irrespective of defoliation, plants in ambient CO 2 mobilized nitrogen from older to growing leaves. This mobilization was inhibited by deplete CO 2 . Greater concentration of Rubisco and reduced chymopapain abundance in older remaining leaves of intact plants, in deplete compared with ambient CO 2 , suggested the inhibition of mobilization was due to inhibition of protein degradation, rather than to the export of degradation products. Both deplete CO 2 and defoliation induced nitrogen mobilization from roots to growing leaves. In plants at ambient CO 2 , defoliation did not affect nitrogen uptake or its allocation. Therefore in F. rubra nitrogen mobilization can occur independently of any downregulation of nitrogen uptake. This suggests either different signal compounds may act to downregulate uptake and upregulate mobilization, or if one particular signalling compound is used its concentration threshold differs for induction of mobilization and downregulation of uptake. The abundance of the cysteine proteases papain and chymopapain was low in roots suggesting that they were not involved in protein degradation in this tissue.
acids also occur following defoliation. In both the growing leaves and stubble of Lolium perenne, concentrations of Asn increased post defoliation, whilst it decreased in roots (Lefevre et al. 1991) . Through the use of 15 N labelling, it has become well established that in the first few days following the defoliation of many grass species, nitrogen is mobilized from the remaining shoot and root material to growing leaves (see reviews by Volenec et al. 1996 , Schnyder et al. 2000 , Thornton et al. 2000 .
In Zea mays (maize) root tips where carbon starvation was induced by excision from the remaining plant, degradation of both protein and lipids occurred, considered due to their increased use as respiratory substrates (Brouquisse et al. 1991 , Dieuaide-Noubhani et al. 1997 . The protein catabolism in carbon starved maize root tips was a result of increased activity of proteolytic enzymes (James et al. 1993 (James et al. , 1996 . In turn the protein degradation initially resulted in increased Asn concentrations in the root tips (Brouquisse et al. 1992) . Subsequently decreased protein concentration, increased protease activity and increased Asn concentration, were also shown to occur in the roots of whole maize plants in which photosynthesis was inhibited through an extended period of darkness . In contrast to defoliated grasses, little is known about the movement of nitrogen within intact plants experiencing prolonged inhibition of photosynthesis and hence carbon starvation. In whole maize plants, after 48 h of darkness an increase in the nitrogen content of the youngest leaves was observed, while over the same period the whole plant suffered a net loss of nitrogen ). On entering a period of darkness some uptake capacity is retained for at least several hours (Clement et al. 1978 , Delhon et al. 1995 , Macduff et al. 1997 . As the increase of nitrogen in the young leaves of maize was based on a budget approach , the source of the nitrogen, uptake and/or mobilization of stores, responsible for the observed increase remained unknown.
Cytosolic glutamine synthetase (GS1) is considered to be involved in the synthesis of Gln prior to its export from senescing tissue (Kamachi et al. 1991 (Kamachi et al. , 1992 . However, the function of chloroplastic glutamine synthetase (GS2) is mainly considered to be the re-assimilation of ammonium released during photorespiration (McNally et al. 1983 , Wallsgrove et al. 1987 . In addition to its role in the fixation of CO 2 and O 2 , it has been suggested that nitrogen stored in ribulose bisphosphate carboxylase/ oxygenase (Rubisco) is available for mobilization under times of nitrogen limitation (Millard 1988) . With the onset of leaf senescence however, many other proteins are degraded and their nitrogen content subsequently mobilized.
We grew plants of the C3 grass Festuca rubra L. at ambient atmospheric CO 2 concentration in sand culture. After a period of growth, plants were subject to atmospheres containing either ambient (350 ml l ª1 ) or deplete (Ͻ 20 ml l ª1 ) concentrations of CO 2 . Concurrent with the imposition of the CO 2 treatments, plants were either left intact or defoliated on one occasion. Steady state 15 N labelling was coupled with a series of destructive harvests over a 7-day period; this enabled changes in the nitrogen dynamics of the plants to be established. Proteins pertinent to the process of nitrogen mobilization were quantified by immunoblotting. These included, GS1, the cysteine proteases papain and chymopapain, and potential protease substrates Rubisco and the light harvesting complex of photosystem II (LHCPII). As reduced atmospheric CO 2 concentrations may stimulate Physiol. Plant. 116, 2002 63 photorespiration (Marek and Spalding 1991) proteins pertinent to this process, GS2 and glutamate synthase (GOGAT), were also determined. This enabled the following hypotheses to be tested in F. rubra: that both reduction of the atmospheric CO 2 concentration and defoliation (1) induce mobilization of nitrogen from roots and older leaves towards growing leaves and (2) elicit similar directional change in the abundance of proteins relevant to the process of nitrogen mobilization in roots and older leaves.
Materials and methods

Growth of plant material
Seeds of F. rubra L. ssp. rubra cv. Boreal were surface sterilized in 0.5% (v/v) peracetic acid, then rinsed in sterile deionized water as described by Paterson and Sim (1999) . The seeds were then sown on the surface of 340 cm 3 sand (0.2-0.7 mm diameter) moistened with deionized water within 10-cm diameter plastic pots at a planting density of approximately 10 seeds pot ª1 . A total of 104 pots were maintained at 22aeC in the dark for 5 days to allow the seeds to germinate, during this period the sand was kept continuously moist. Pots were then thinned to 5 seedlings pot ª1 and equally but randomly allocated between two identical gas tight chambers (52 pots chamber ª1 ). The chamber dimensions were height 60 cm, width 60 cm and length 200 cm, giving an internal volume of 0.72 m 3 . The base of each chamber was constructed of an aluminium sheet; other surfaces were constructed of transparent Perspex supported on an aluminium framework. Each chamber had two removable 'windows' along one side to provide access into the chamber. Compressed air entered each chamber at one end at a rate of 0.009 m 3 min ª1 and escaped at the opposing end through a small aperture (5 mm diameter), this flow rate proved sufficient to thoroughly mix the air in the chamber. An LCA 2 infra red gas analyser (The Analytical Development Co. Ltd, Hoddesdon, UK) was used to measure the CO 2 concentration in the airstreams entering and leaving the chambers. The concentration of CO 2 in the compressed air supply varied between 350 ml l ª1 and 370 ml l . Both chambers were situated within a controlled environment room (Conviron, Winnipeg, Canada), the conditions of which were used to manipulate the environment experienced by the plants within the Perspex chambers. Plants experienced a constant temperature of 22aeC and a 14-h photoperiod of 550 mmol m ª2 s ª1 photosynthetically active radiation supplied by equal numbers of Philips high-pressure sodium lamps C250 S50 and Philips metal halide lamps M250U. Plants were grown for 41 days during which time each pot received 60 cm 3 of a complete nutrient solution three times each week. The composition of the nutrient solution was as described in Thornton et al. (1993) except nitrogen was supplied as 1 mol m ª3 nitrate (0.5 mol m ª3 NaNO 3 plus 0.5 mol m ª3 KNO 3 ). Once the plants were established, a thin layer of inert black polyethylene beads (3 mm diameter) was sprinkled over the surface of the sand to prevent algal growth. During the period of growth the position of the pots was randomised every week, both within and between the chambers. At the end of the growth period (day 0) pots were allocated to a random block design, five blocks each comprising eight pots were arranged along the length of each chamber. These pots were designated for 15 N analysis. Additionally two blocks, one situated at either end of each chamber, comprising six pots each were designated for immunoblotting. Plants in half the pots were defoliated to a height of 3 cm above the sand surface. Plants allocated to immunoblotting continued to receive the nutrient solution as previously described. Any nutrient solution in pots allocated to 15 N analysis was flushed out with two changes of deionized water then three changes of a nutrient solution identical to that previously supplied except all nitrogen was enriched with 15 N to an abundance of 5.02 atom percent. Plants then received this new 15 N enriched solution in aliquots as previously described. The CO 2 concentration in the air supply to one chamber was reduced by passing it through a column (40 cm length and 4.5 cm diameter) of self indicating soda-lime granules (Carbosorb, BDH Laboratory supplies, Poole, UK) prior to entering the chamber, the soda-lime column was renewed daily. Apart from periods of 7 min duration at the time of destructive harvests and feeding the plants, the concentration of CO 2 within this chamber was maintained at Ͻ20 ml l ª1 , below the CO 2 compensation point for C3 plants (Black 1971) . Fresh soda-lime granules did cause a temporary increase in the humidity of the airstream entering the chamber, however, the relative humidity experienced by the plants within both chambers was Ͼ70% at all times. There were therefore two CO 2 treatments 'ambient' and 'zero' and two defoliation treatments 'undefoliated' and 'defoliated' in a full factorial design. Reduction of atmospheric CO 2 in addition to reducing photosynthesis would trigger stomatal opening, potentially leading to drought stress. Considering that nutrient solutions within all pots never dried out during the experimental period and given the constant high humidity within the chambers, drought stress was unlikely in this instance. No visible signs of drought stress were observed.
One pot of each treatment from each block was harvested on days 0, 2, 4 and 7 for 15 N analysis and days 2, 4 and 7 for immunoblotting. For undefoliated plants to be subsequently harvested on day 7, a thin wire ring was placed around the youngest leaf of five tillers in each pot on day 0, this allowed the appearance rate of new leaves to be determined. Appearance of new leaves on defoliated plants was determined by observing any increase in the number of uncut leaves on particular tillers. At harvest on days 0, 2 and 4 plants were separated into youngest leaf, remaining leaves and roots. On day 7, plants were separated into youngest leaf present on day 0 plus any new leaves which appeared from day 0 to day Physiol. Plant. 116, 2002 7 including leaves on newly emerged tillers, remaining leaves and roots. All samples were weighed fresh then stored at ª80aeC, prior to further processing.
Nitrogen and carbon analyses
Samples for 15 N analysis were freeze-dried then ball milled (Retsch, Haan, Germany). The total N and 15 N concentrations were determined using a TracerMAT continuous flow mass spectrometer (Finnigan MAT, Hemel Hempstead, UK). The 15 N enrichment was used to calculate the uptake of nitrogen from the 15 N-labelled nutrient solution using equations described in Millard and Nielsen (1989) . The difference between the total and labelled nitrogen content was designated unlabelled nitrogen and was assumed to be nitrogen present within the plants on day 0. Any increase in the unlabelled nitrogen content of a plant compartment represented mobilization of nitrogen to the compartment from other plant parts; similarly a decrease in unlabelled nitrogen represented mobilization out of the compartment. The total carbon content of the ball milled samples was determined using a NA 1500 CHN analyser (Carlo Erba Strumentazione, Milan, Italy). Three-way analysis of variance () was performed on the results of labelled and unlabelled nitrogen contents and carbon contents, with CO 2 treatment, defoliation and harvest date as main factors using Genstat 5 Release 4.1 Fourth Edition C Lawes Agricultural Trust.
Immunoblotting of proteins
Samples for immunoblotting were extracted according to Mae et al. (1993) . The protein content of soluble extracts was determined according to Bradford (1976) . The chlorophyll content of leaf extracts was determined according to Lichtenthaler and Wellburn (1983) after extraction in acetone. Denaturing electrophoresis was performed according to Laemmli (1970) with the protein contained in 1 mg FW of tissue loaded onto each gel track. Proteins were subsequently transferred to nitrocellulose with the 'Mini-blot' apparatus (Bio-Rad, Hemel Hempstead, UK) according to manufacturers instructions. Blots were probed with antisera and resolved by chemiluminescence (ECL kit, Amersham-Pharmacia Biotechnology, UK). All primary antisera were gifts from Prof H. Thomas and Dr H. Ougham (both Institute of Grassland and Environmental Research, Aberystwyth, UK) and were raised in rabbit. Antiserum for papain and chymopapain were as described by Morris et al. (1996) . Secondary antisera were purchased from Dako, UK Ltd. The antiserum used to detect GS (EC 6.3.1.2) did not appear to discriminate between the different isoforms of this enzyme, although they could be distinguished by molecular weight (Habash et al. 2001) . GOGAT exists as Fd-GOGAT (Mr 130-180 kDa, EC 1.4.7.1) and NADH-GOGAT (Mr 225-230 kDa, EC 1.4.1.13), from the molecular weight (133 kDa) the antiserum used here detected only Fd-GOGAT. The large subunit of Rubisco (EC 4.1.1.39) was identified on denaturing polyacrylamide gels by its size (around 55 kDa) and high abundance. Images were captured by a GS710 scanning densitometer equipped with Quantity One software (Bio-Rad, Hemel Hempstead, UK).
Results
Effects of CO 2 depletion and defoliation on plant carbon contents
The CO 2 concentration of the air exiting the chambers varied greatly over the 7 days due in the main to reductions in the number of plants in the chamber as they were harvested. However, these indicated that plants in ambient air had net fixation of CO 2 during the light and a net loss during darkness. Plants in the zero CO 2 chamber had a net loss of CO 2 at all times, presumably through respiration. The whole plant carbon content increased over the 7-day period when grown in ambient CO 2 irrespective of defoliation treatment (P Ͻ 0.02), this was achieved through increases in the youngest leaves (P Ͻ 0.001) and roots (P Ͻ 0.05) only (Fig. 1) . In contrast the carbon content of whole plants grown in zero CO 2 remained constant (Fig. 1A) , indicating the observed losses of CO 2 by these plants were relatively small in comparison with the carbon content of the whole plant. However, with undefoliated plants by day 7, 67% of tillers in zero CO 2 and 96% of tillers in ambient CO 2 had grown a new leaf, albeit these were still very small. It is therefore possible that some leaf appearance had occurred by days 2 and 4, which was unaccounted for by the plant separation used on these days. This may have led to an overestimate in the contents (total carbon, labelled nitrogen and unlabelled nitrogen) of remaining leaves and an underestimate in youngest leaves on days 2 and 4. This would be most pronounced on day 4 for undefoliated plants in ambient CO 2 .
Effects of CO 2 depletion and defoliation on nitrogen mobilization
Defoliation reduced the labelled nitrogen content of whole plants grown in zero CO 2 (P Ͻ 0.001, Fig. 2A) . The labelled nitrogen content of the whole plant was reduced by growing plants in zero compared with ambient CO 2 , though only at days 4 and 7 (P Ͻ 0.001, Fig.  2A ). The uptake of labelled nitrogen that subsequently appeared in the youngest leaves followed a similar pattern in so far as it was only reduced by defoliation when plants were grown in zero CO 2 (P Ͻ 0.01), and was reduced in zero CO 2 compared with ambient CO 2 only beyond day 2 (P Ͻ 0.001, Fig. 2B ). Defoliation reduced the uptake of labelled nitrogen subsequently appearing in the remaining leaves (P Ͻ 0.001, Fig. 2C ), the effect of defoliation was greater in plants grown in zero compared with ambient CO 2 (P Ͻ 0.001, Fig. 2C ). Uptake of labelled nitrogen remaining in the roots was unaffected by both CO 2 concentration and defoliation (P Ͼ 0.05 in each case, Fig. 2D ) and was complete by day 4 (P Ͻ 0.001).
The unlabelled nitrogen content of whole plants showed no change over the period day 0 to day 7 (P Ͼ 0.05, Fig. 3A ). This indicates both that there was no carry over of unlabelled nitrogen on switching the nutrient solution to one labelled with 15 N and that losses of ) of (A) the whole plant (B) the youngest leaves (C) the remaining leaves and (D) the roots of plants of F. rubra. Plants were either supplied ambient CO 2 (squares) or zero CO 2 (circles), and were either left intact (filled symbols) or defoliated (open symbols). Values are the mean of five values; the error bars indicate the least significant difference for the interaction of CO 2 treatment, defoliation and harvest date at the 5% significance level. unlabelled nitrogen through root turnover and/or exudation were small compared with the whole plant unlabelled nitrogen content. The unlabelled nitrogen content of the youngest leaves increased from day 0 to day 7 in all treatments, the increase being greater for plants in ambient CO 2 compared with plants in zero CO 2 (P Ͻ 0.001, Fig. 3B ). Over the period day 0 to day 7, the unlabelled nitrogen content of remaining leaves was reduced when plants received ambient CO 2 but remained constant when plants received zero CO 2 (P Ͻ 0.001, Fig. 3C ). The reduction of unlabelled nitrogen in ambient CO 2 was greater for intact compared with defoliated plants (P Ͻ 0.01) and appeared mainly to occur between days 4 and 7. However, as the unlabelled nitrogen content of undefoliated plants on day 4 may be overestimated, reduction between days 2 and 4 cannot be ruled out. Over days 0 to day 7, undefoliated plants in ambient CO 2 had a greater content of unlabelled nitrogen in their roots compared with plants from the other three treatments (P Ͻ 0.05, Fig. 3D ). This was the result of reductions of unlabelled nitrogen in defoliated plants in ambient CO 2 and both undefoliated and defoliated plants in zero CO 2 , these reductions were complete by day 4 (P Ͻ 0.001, Fig. 3D ). The labelled (Fig. 2) and unlabelled ( Fig.  3 ) nitrogen results were combined to create an overview of the nitrogen dynamics within the whole plants of F. rubra over the 7-day period (Fig. 4) .
Effects of CO 2 depletion and defoliation on protein abundance
The protein content of youngest leaves was lower in plants maintained in zero CO 2 compared with those grown under ambient conditions (Table 1) , however, protein contents of youngest leaves in all treatments in- creased from day 2 to day 7. In contrast the protein content of remaining leaves showed little change over the same period (Table 1) . From day 2 to day 7 there was a marked reduction in the root protein content of plants in zero CO 2 , this decrease was most pronounced in defoliated plants (Table 1) .
The chlorophyll concentration, on a FW basis, of the youngest leaves was greater than that of remaining leaves (data not shown). In the remaining leaves of intact plants, the chlorophyll content of leaves under ambient conditions decreased from day 2 to day 7 whilst those in zero CO 2 remained constant (Table 2) .
In youngest leaves an induction of GS2 (43.7 kDa) was observed in all treatments (Fig. 5) , this was more pronounced in leaves of plants placed in zero CO 2 . Both GS1 and GS2 were detected in remaining leaves of undefoliated plants (Fig. 6) . The lesser abundance of the GS1 isoform corresponds with previous measurements in which only 10% of GS activity in F. rubra could be attributed to GS1 (McNally et al. 1983) . In contrast only GS2 was detected in defoliated plants, indicating that leaf nitrogen was recycled through photorespiration. However, the low level of detection also implies that reassimilation was quantitatively not very important. The root isoform of GS (GSr) was difficult to detect (data not shown). Signals of LHCPII were relatively stable with time in both the youngest and remaining leaves (Figs 5 and 6) . No consistent pattern of treatment effects on Fd-GOGAT was observed in leaves (Figs 5 and 6), whilst the Fd-GOGAT polypeptide was undetectable in roots (data not shown).
Three main isoforms of the cysteine protease papain (at 80 kDa, a doublet around 60 kDa and at 30 kDa) were identified in F. rubra (Figs 5 and 6) . Morris et al. (1996) previously identified all these isoforms in Lolium Fig. 4 . Overview of the nitrogen dynamics of F. rubra over the 7 day treatment period. All values are mg nitrogen plant ª1 and are the mean of 5 replicates ∫. Solid arrows indicate nitrogen uptake and its allocation derived from labelled nitrogen data in Fig. 2 on day 7. For example for undefoliated plants in ambient CO 2 , the whole plant took up 472 mg nitrogen plant ª1 by day 7 of which 305 mg nitrogen plant ª1 was allocated to the youngest leaves. Dashed arrows indicate nitrogen mobilization derived from the unlabelled nitrogen data in Fig. 3 on day 0 and day 7. Underlined values at the arrow bases indicate the pool sizes of nitrogen in the particular compartments potentially available for mobilization (i.e. the unlabelled nitrogen content of that compartment on day 0). Values at the arrow tips indicate the flux of nitrogen over the 7-day period to be mobilized from the compartment at the base of the arrow (i.e. loss in unlabelled nitrogen content of the compartment at the base of the arrow from day 0 to day 7). For example for undefoliated plants in ambient CO 2 , 813 mg nitrogen plant ª1 was potentially available to be mobilized from the remaining leaves on day 0 of which 295 mg nitrogen plant ª1 was mobilized to the youngest leaves by day 7. In roots 314 mg nitrogen plant ª1 was potentially available to be mobilized, all of which remained in the roots over the following 7 days. temulentum. The 80 and 60 kDa polypeptides were of similar abundance in undefoliated youngest leaves regardless of atmosphere but these were more variable in defoliated plants (Fig. 5) . The 30 kDa and 60 kDa polypeptides tended to increase in abundance with time in the youngest leaves (Fig. 5 ) and in remaining leaves of undefoliated plants (Fig. 6) . In contrast, cross-reaction of papain with root proteins was extremely difficult to detect (data not shown), but appeared to consist only of the upper isoform of the 60 kDa doublet, which did not change in abundance. The abundance of a second cysteine protease, chymopapain, showed little change with time in leaves during the period day 2 to day 7 (Figs 5 and 6 ). It should be noted however, that in youngest leaves the intensity of the signal was greater for leaves under zero than ambient CO 2 (Fig. 5) . The reverse was true in remaining leaves where the more intense signals were obtained under ambient CO 2 (Fig. 6 ). For the remaining leaves under zero CO 2 , defoliation appeared to result in increased chymopapain abundance (Fig. 6) . Chymopapain was not detectable in roots (data not shown).
Youngest leaves
There was a high Rubisco content in youngest leaves that increased with time in ambient CO 2 regardless of 68 defoliation and for defoliated plants in zero CO 2 (Fig.  7) . The Rubisco content of the remaining leaves was greatest in undefoliated plants grown in zero CO 2 with only small amounts of Rubisco being apparent in the other treatments (Fig. 7) .
Discussion
The observed nitrogen fluxes in intact plants of F. rubra in ambient CO 2 (Fig. 4) , are consistent with the belief that roots do not normally act as a source of mobilized nitrogen for leaf growth of undefoliated grasses (Schulte auf 'm Erley et al. 2000 , Bausenwein et al. 2001 . The lack of any defoliation effect on the nitrogen uptake of F. rubra when grown in ambient CO 2 (Fig. 4) suggests these plants were nitrogen limited (Macduff et al. 1989) . Such nitrogen limitation may explain a longer delay before CO 2 depletion inhibited nitrate uptake in the current compared with other studies. In Hordeum vulgare, Zea mays and Glycine max, inhibition of nitrate uptake was observed within a few hours of exposing plants to CO 2 deplete atmospheres (Aslam et al. 1979 , Pace et al. 1990 , Delhon et al. 1996 . In leaf segments of Triticum aestivum the degradation of several enzymes involved in photorespiration and CO 2 assimilation was delayed in CO 2 depleted air (Herrmann and Feller 1998) . As delayed protein degradation in leaves would result in delayed export of the nitrogen present in that protein, this effect of reduced CO 2 concentration is consistent with its effect of inhibiting nitrogen mobilization from leaves of intact plants (Fig. 4) . Greater concentration of Rubisco and reduced abundance of the protease enzyme chymopapain in remaining leaves of intact plants, in zero compared with ambient CO 2 , provides further more direct evidence that reduction of the CO 2 concentration delays protein degradation in leaves of intact plants. Together these results indicate that the inhibition of nitrogen mobilization in CO 2 deplete atmospheres is due to inhibition in the process of protein degradation rather than in the export of degradation products. However, it should be borne in mind that there was no evidence of reduction in the content of total protein or concentration of LHCPII in the remaining leaves of intact plants in an ambient atmosphere from day 2 to day 7. Additionally, current results also suggest reduced atmospheric CO 2 inhibited extensive chlorophyll catabolism in the remaining leaves of intact plants. Fig. 5 . Changes in the abundance of the proteins GS, GOGAT, papain, chymopapain and LHCPII in the youngest leaves of plants grown in ambient or zero CO 2 , with or without defoliation for the time period shown (days). The protein contained in 1 mg FW of tissue was loaded onto each track. Fig. 6 . Changes in the abundance of the proteins GS, GOGAT, papain, chymopapain and LHCPII in the remaining leaves of plants grown in ambient or zero CO 2 , with or without defoliation for the time period shown (days). The protein contained in 1 mg FW of tissue was loaded onto each track. Physiol. Plant. 116, 2002 69
The retardation of leaf senescence processes on inhibition of photosynthesis through the reduction of atmospheric CO 2 (Herrmann and Feller 1998 , current study) would appear consistent with a general increase in senescence related processes when leaf carbohydrate Fig. 7 . Denaturing polyacrylamide gels of the youngest and remaining leaves of plants grown in ambient or zero CO 2 , with or without defoliation for the time period shown (days). Arrows indicate the large subunit of Rubisco (55 kDa). The left-hand lanes of each gel are molecular weight markers. The protein contained in 1 mg FW of tissue was loaded onto each track. levels were raised by glucose feeding (Krapp et al. 1991 , Fischer et al. 1998 . In leaves, carbohydrate levels per se cannot be the only triggers of senescence. Darkness depletes leaf carbohydrate levels and increases the rate of senescence (Feller and Fischer 1994) , also in Arabidopsis thaliana expression of genes induced by darkness and which were associated with leaf senescence processes were found to be repressed by feeding sucrose (Fujiki et al. 2001) . In leaves it appears darkness and reduction of atmospheric CO 2 elicit different responses regarding nitrogen mobilization and senescence; in contrast, both prolonged darkness and reduction of atmospheric CO 2 similarly induce mobilization of nitrogen from root tissue current study). Fischer et al. (1998) concluded the regulation of proteolytic processes and senescence differed in sink tissues (roots) from that in photosynthetic source tissues (leaves), current results suggest this is true, in terms of nitrogen mobilization, in F. rubra.
The abundance of GS isoforms in a given tissue depends on the form and amount of nitrogen supplied and the developmental state of the tissue (Kamachi et al. 1991 , Peat and Tobin 1996 , Habash et al. 2001 . The presence of GS2 only in new leaves but both GS1 and GS2 in the older remaining leaves (Figs 5 and 6) is Physiol. Plant. 116, 2002 70 consistent with previous data showing an increase in the GS1 to GS2 ratio as senescence proceeded (Kamachi et al. 1991 , Pearson and Ji 1994 , Habash et al. 2001 . Hence it would appear from the GS data that remaining leaves of undefoliated plants undergo senescence whereas in defoliated plants they continue with the nitrogen metabolism of more juvenile leaves. With F. rubra, the defoliation treatment would have reduced the mean age of the remaining leaf tissue. Changes in the ratio of GS isoforms along the length of T. aestivum leaf blades have been observed (Tobin et al. 1985) . The change in the GS1 to GS2 ratio in remaining leaves with defoliation may therefore be due either to defoliation effects on mean tissue age, or changes in nitrogen metabolism within the remaining leaves. The increased density of staining of GS2 in both remaining and youngest leaves placed under zero CO 2 concur with the theory that reduced atmospheric CO 2 concentrations may stimulate photorespiration (Marek and Spalding 1991) . The relative stability of the signal from LHCPII suggests minimal downregulation of photosynthetic electron transport. The lack of GS2 and GSr observed in roots currently adds support to the suggestion that plants in the current study were nitrogen limited (Sakakibara et al. 1992) . Although co-ordination of Fd-GOGAT and GS has been reported previously (Sakakibara et al. 1992, Redinbaugh and Campbell 1993) , co-ordination of GS and Fd-GOGAT was not indicated in the treatments shown here.
Cysteine proteases such as papain and chymopapain are known to increase in activity during leaf senescence (Morris et al., 1996) . Interestingly, the 30 kDa polypeptide of papain tended to increase in abundance in youngest leaves even though the chlorophyll contents did not indicate the onset of senescence in this tissue. A chymopapain isoform, also of about 30 kDa, appeared after 4 days detachment of L. temulentum leaf blades (Morris et al. 1996) . In the remaining leaves increased chymopapain under conditions of ambient compared with zero CO 2 , was associated with the mobilization of nitrogen from this tissue.
It is tempting to suggest that the observed decrease in root protein in plants under zero CO 2 is the basis for at least part of the nitrogen supply to above ground plant parts. The low levels of papain and chymopapain suggest that these cysteine proteases are not involved in protein degradation in roots. However it is still possible that extremely small amounts of these enzymes (at or below the detection limits of the current methods) of high specific activity had some role in degradation of root proteins. It has been suggested previously that this function is performed by a serine protease (James et al. 1993 (James et al. , 1996 . This does not preclude all cysteine proteases from having a role in root protein degradation, the cysteine protease SEE1 has been previously detected in roots of Festuca pratensis (Pratt, personal communication). Alternatively, a form of nitrogen other than protein, such as vacuolar nitrate, may provide the majority of nitrogen mobilized from roots (van der Leij et al. 1998) .
A general inverse relationship between mobilization of stored nitrogen and nitrogen uptake following defoliation in two L. perenne cultivars prompted Louahlia et al. (1999) to consider possible mechanisms for their co-regulation, including the theory that down regulation of uptake per se triggers nitrogen mobilization. Current results show that in F. rubra nitrogen mobilization can occur independently of any downregulation of nitrogen uptake. This suggests either different signal compounds may act to downregulate uptake and upregulate mobilization or if one particular signalling compound is used its concentration threshold differs for induction of mobilization and downregulation of uptake.
In conclusion, the original hypotheses were proved incorrect. Both defoliation and reduced concentrations of CO 2 did induce mobilization of nitrogen from roots of F. rubra; in both instances the abundance of the cysteine proteases papain and chymopapain were low suggesting a limited role in protein degradation. The root isoform of GS was also difficult to detect. Mobilization of nitrogen from older to growing leaves occurred in both undefoliated and defoliated plants when grown in ambient CO 2 , this mobilization was totally inhibited when F. rubra was grown in a reduced concentration of CO 2 . Greater concentration of Rubisco and reduced chymo- Physiol. Plant. 116, 2002 71 papain abundance in older remaining leaves of intact plants, in zero compared with ambient CO 2 , suggested the inhibition of mobilization was due to inhibition of protein degradation, rather than in the export of degradation products.
